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Abstract— 1. The characteristics of Ca2+-activated ATPase activities previously often postulated as 
components for the calcium transporting system in fish gills do not fulfil the requirements of a transport 
Ca: '-ATPase.
2. The chelation of Ca;~- or Mg:~-ions is a prerequisite for the adenosinephosphate esters to serve as 
substrate for gill plasma membrane phosphatases.
3. Ca2+-activated ATP hydrolysis results from the activity of a heterogeneous pool of phosphatases 
located in the plasma membranes of the branchial epithelium, as is concluded from substrate specificity 
tests and the effects of various inhibitors on these hydrolytic activities.
4. In the present study only non-specific phosphatases could be shown.
INTRODUCTION
T e leo s t  fish, w h e th e r  in fresh w a te r  (F W )  or  sea 
w a te r  (S W ) ,  possess  efficient m ech an ism s  to m a in ­
tain b lood  calc ium levels ( W e n d e l a a r  B o n g a  and 
V an  d e r  M ei j ,  1980). In F W ,  u n d e r  n o rm a l  c o n ­
di t ions  bu t  especia l ly  d u r in g  pe r io d s  o f  s ta rva t ion ,  
this con t ro l  p ro b a b ly  involves the  active t rans fe r  of 
ca lc ium from the  a m b ie n t  m e d iu m  in to  the  ex t race l ­
lular  fluids. I n d e e d ,  it is well k n o w n  tha t  fish can 
ex t rac t  ca lc ium f rom  the i r  ex te rn a l  e n v i ro n m e n t  and  
th e re  is a m p le  ev idence  to suggest  tha t  the  m a jo r  
site for  this u p ta k e  is assoc ia ted  with the  b ranch ia l  
a p p a r a tu s  (M a s h ik o  and  J o z u k a ,  1964a; B erg ,  
1968). T h e  m e c h a n ism  of  this t rans fe r ,  h o w e v e r ,  has 
no t  b e e n  a d e q u a te ly  s tud ied .  O n e  o f  us (Fenw ick ,  
1976, 1979), a m o n g  o th e r s  (M a  et al., 1974; M o o n ,  
1978; H o  and  C h a n ,  1980; D o n e e n ,  1981) desc r ibed  
the  p re se n c e  in the  gills o f  a C a 2~-activated 
a d e n o s in e t r ip h o sp h a ta se  ( C a :+ -ATPase§)  which,  in
^Experiments were carried out in the Department of Biol­
ogy, University of Ottawa and were supported by an 
NSERC of Canada operating grant ( #  A6246) to Dr 
J. C. Fenwick.
^Abbreviations: ATP, adenosinetriphosphate; ADP, aden- 
osinediphosphate; AMP, adenosinemonophosphate; p- 
NPP, para-nitrophenylphosphate; p-NP. para- 
nitrophenol; ATPase, adenosinetriphosphate hydrolase; 
/7-NPPase, para-nitrophenylphosphatase; MS222, tri- 
caine methanosulphonate; Tris, tris (hydroxymethyl) 
aminomethane; Hepes, /V-2-hydroxyethylpiperazine-/V'- 
2-ethanesulphonic acid; TCA. trichloroacetic acid; 
EDTA, (ethylenedinitrilo)-tetraacetic acid; EGTA, 
[ethylene-bis(oxyethylenenitrile)] tetraacetic acid; NTA, 
nitrilotriacetic acid; R24571, l-[bis(/?-chlorophenyl)- 
methyl]-3-(2,4-dichloro-/i-(2,4-dichlorobenzyloxy)phen- 
ethyl)imidazoliumchloride; Me2+, Ca:+ or Mg:+.
ouaba in -sens i t ive  N a ~ / K ' - A T P a s e ,  was p re s u m e d  to 
be the  enzym ic  basis for  the  active t r a n sp o r t  of 
calc ium th ro u g h  the  gills. This  p re s u m p t io n  was 
s u p p o r t e d  by va r ious  ob se rv a t io ns .  M o s t  significant­
ly, the  influx o f  45C a 2+ in p e r fu se d ,  iso la ted ,  A m e r i ­
can eel gills corre la ted  positively with C a 2+-A T Pase  
activity (Fenwick,  1976; So and  Fenwick,  1977). 
A dd i t ion a l ly ,  the  activity o f  this en zy m e  was r e ­
p o r t e d  to be in f luenced  direct ly  by hypocalc in  (M a  
a n d  C o p p ,  1978), a h o r m o n e  which can m ark ed ly  
influence calc ium m e ta b o l i sm  in te leosts .  F u r th e r ,  
the  level o f  enzym ic  activity va r ied  with  a m b ie n t  
calc ium c o n c e n t r a t io n  (F enw ick ,  1978).
H o w e v e r ,  th e re  a re  ser ious  difficulties with  this 
thesis .  If active t r a n s p o r t  o f  calc ium occurs  in the  
gills it m os t  likely occurs  at the  basal  o r  la teral  
m e m b r a n e s  w h e re  the  ca lc ium m oves  f rom  an 
intracel lular  calcium co n cen t ra t io n  o f  a b o u t  10“ 7 M 
into a body  fluid calcium co ncen t ra t io n  o f  a b o u t  
3 x 10~? M. Active t r an sp o r t  would  not  be required  to 
move the calcium from the am b ien t  m ed ium  
(1 0 -4 M )  into  the in tracel lu lar  c o m p a r tm e n t  ( 10-7 M). 
H o w e v e r ,  the  typical a p p a r e n t  affinity ( K m) of  the  
gill C a 2~-A T Pase  has  b e e n  r e p o r t e d  as a b o u t
0.45 m M  C a 2+, a va lue  which  is no t  c o m m e n s u r a te  
with effective func t ion ing  at the  basal  o r  lateral  
m e m b r a n e  sites. Second ly ,  the  r e p o r t e d  p H - o p t im a  
for these activities were a b o u t  8.0 (M a  et al ., 1974; 
Fenwick,  1976) a n d  were therefore  within the favo r ­
able range  for a lkal ine p h o sp h a ta se  activities. T h i r d ­
ly, the C a 2+-s t imula ted  A T P  hydroly t ic  activity, 
even m easu red  at  sub o p t im a l  p H 's  (Fenw ick ,  M a) ,  
e x c e e d e d  r e p o r t e d  N a " / K +- A T P a s e  activity to such 
an e x te n t  th a t  C a 2+- t r a n s p o r t  ra te s  w ou ld  surpass  
expected N a +- t ran sp o r t  rates by several o rders  o f  
m agn i tude .  By the d a ta  presented  in the l i tera ture  the
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reverse is indicated (Fleming,  1973). Addit ionally ,  
there has been no unqualified evidence published to 
indicate tha t  A T P  is the preferred substra te  for the 
presumptive  C a 2 + -ATPase .  However,  in higher verte­
brates  this C a 2+-A T Pase  has been tentatively 
identified as an alkaline phosphatase- l ike  activity, 
instead o f  an A T P ase  with characteris t ics  o f  an ion 
t ranspor t ing  enzyme. In 1970, Haussler  et al. (1970) 
were the first to repor t  tha t  alkaline phospha tase ,  
C a ; + -A TPase  and  m uch  o f  the M g : + -A T Pase  activ­
ities o f  chick brush bo rde r  m em b ran es  are propert ies  
o f  the same enzyme protein.  M o re  su p p o r t  for this 
idea was given by O k u  and  W asse rm an  (1978), who 
studied these activities in chick intestinal b rush  b o r ­
ders, and by H a n n a  et al. (1978, 1979) in their  studies 
on these activities in rat  en terocyte  p lasm a m e m ­
branes.
R ecen t ly ,  G h i j sen  and  V an  O s  (1979, 1982), 
G h i j sen  et al. (1980, 1982), V a n  O s  et al. (1980) and 
V an  O s  and  G h i j s en  (1981) sho w ed  in a series of 
s tudies  on the  m ech an ism s  o f  calcium t ra n sp o r t  in 
the  k idney  cor tex  and  gut o f  rats ,  tha t  C a 2+-ac t iva ted  
A T P a s e  activity is not  h o m o g e n e o u s .  T o  be m ore  
specific, they  d e te c te d  two d if fe ren t  C a 2*-st imulated 
A T P  hydrolyt ic  enzym ic  activities in the p lasm a 
m e m b r a n e s  o f  en te ro cy te s .  O n e  p h o sp h a ta se  was 
loca ted  on  bo th  the  b rush  b o rd e r  and  the  baso la te ra l  
m em branes ,  had  a p red o m in an t ly  low affinity site for 
calcium, and  was inhibited by theophyll ine  and  
L-phenylalanine,  bo th  o f  which are specific inhibitors  
o f  alkaline phospha tase .  The  o the r  phospha tase ,  
which was located exclusively in the basola teral  m e m ­
branes,  had high affinity for calcium, was no t  in­
hibited by alkaline p h o sp h a ta se  inhibitors ,  but  was 
specifically inhibited by the ca lm odul in  an tagon is t  
ch lo rp rom azine .  Addit ional ly ,  they showed tha t  the 
rate o f  accum ula t ion  o f  calcium by sealed vesicles o f  
basola teral  m em b ran es  was an exponen t  o f  the act iv­
ity o f  high calcium affinity C a 2+-A T Pase  and  not  o f  
the low calcium affinity C a 2+-A TPase .  As a result o f  
these studies they conc luded  tha t  the low affinity 
p h o sp h a ta se  was an alkaline phospha tase - l ike  e n ­
zyme and  tha t  the high affinity p h o sp h a ta se  was the 
true C a 2^ -A T P ase  with character is t ics  o f  an ion 
t ran spo r t in g  enzyme. This  is su p p o r ted  by the o b ­
servat ion tha t  1,25-dihydroxy vitamin D 3 t reated 
rachit ic rats show  concurren t  increases in intestinal 
calcium abso rp t ion ,  high-affinity C a 2+-A T P  activity 
and  A T P  d ependen t  C a 2 + - t r an sp o r t  in the basola tera l  
m em branes .
Because o f  the difficulties listed earlier,  and  the 
recent evidence for the existence o f  at least two C a 2 + 
d e p e n d e n t  p h o s p h a ta s e s ,  we dec ided  to re -eva lua te  
charac te r is t ics  o f  the  pu ta t ive  te leost  gill C a 2^ - 
A T P a s e  using m o re  r igorous  and  inclusive cr i ter ia  to 
invest igate  w h e th e r  the  low affinity non-specific 
p h o s p h a ta s e  activity o r  the  high affinity C a 2+- 
A T P a s e  activity is the  m os t  likely c a n d id a te  for  the 
en e rgy  g e n e ra t in g  sou rce  o f  the  calc ium p u m p  in eel 
gills. T o  this end  we im p ro v e d  the  previously  
r e p o r t e d  p ro c e d u r e  (F enw ick ,  1976) for  the  isola­
tion o f  gill p la sm a  m e m b ra n e s .  A dd i t iona l ly ,  we 
p re v e n te d  the  A T P a s e  activity which might  have 
resu l ted  f rom m i to c h o n d r ia l  c o n ta m in a t io n  by 
ad d ing  as a ro u t in e  specific m i to ch o nd r ia l  A T P a s e  
inh ib i to rs  to the  assay m ed ia .
M ATERIALS AND METHODS
Yellow female eels, Anguilla rostrata LeSueur, were 
used. The fish used for enzyme characterization studies 
had an average body weight of 1.7 kg and were obtained in 
the spring of 1982 from a commercial fish dealer in Quebec 
City, Quebec, Canada. The eels were held in running 
dechlorinated Ottawa city tapwater (0.45mM Ca:+, 12°C) 
under 16 hr of light alternating with 8 hr of darkness. 
During the experiments the fish were not fed. The experi­
ments were carried out in the summer of 1982.
Isolation o f  plasma membranes
Animals were quickly anaesthetized in a Tris-buffered 
(pH 7.4) MS-222 solution (6 g/l). The bulbus arteriosus was 
cannulated and the branchial apparatus was perfused with 
ice cold isotonic saline containing heparin (20U/ml) to 
remove the blood cells from the gills. Additionally, 0.2 mM 
phenyimethylsulphonylfluoride (PMSF), a protease in­
hibitor, was added to the perfusion fluid to increase 
enzyme recovery. The branchial epithelium was scraped 
off onto an ice-cold glass plate with a glass microscope 
slide. The subsequent rapid (3 hr) preparative isolation 
procedure was carried out at 0-4°C. The collected material 
(±2.5g/kg eel) was disrupted gently with a douncer fitted 
with a loose pestle (20 strokes) in 15 ml of a hypotonic 
buffer (pH 8.0) containing (mM): NaCl (25), PMSF (0.2) 
and Hepes/Tris (1). The homogenate was diluted with the 
same buffer to 75 ml and centrifuged 15min at 550g. The 
pellet, containing nuclei and cellular debris, was discarded. 
The supernatant (H0) was centrifuged for 30min at 
27Krpm (Beckmann SW28 rotor) and yielded a pellet 
containing the membrane fraction (P0). The pellet was 
resuspended with a douncer (100 strokes) in 15 ml of an 
isotonic buffer containing (mM): sucrose (250), NaCl 
(12.5), H ;EDTA (0.5), Hepes/Tris (5, pH:7.5); osmolar- 
ity: 300m0sm/l.  H ;EDTA was added to ensure a leaky 
vesicle preparation. The suspension was diluted with the 
same buffer to 30 ml and centrifuged differentially:
1 K#. 10 min, 10 K.#. 10 min, 30 K#.30 min. The final pellet 
(P3) was used as the eel gill plasma membrane fraction. 
This pellet was resuspended with a douncer (100 strokes) 
in the basic assay buffer (mM): Tris-HCl (20), NaCl (100), 
pH, 7.4. To prevent cryodamage of membrane proteins, 
portions as required for the assays were quickly frozen in 
liquid nitrogen and stored at —90°C until use.
Assays and assay media
Protein. Membrane protein was estimated with a com­
mercial reagent kit (BioRad) using bovine serum albumin 
as reference.
N a 7 K '-ATPase. Na7K*-ATPase was assayed by the 
method of Bonting and Caravaggio (1963). The incubation 
was started by the addition of a 20-/xl sample of the 
membrane preparation, containing 10- 20fig protein, to 
400^1 medium. The ouabain-sensitive, K/-dependent ac­
tivity was calculated as the difference in activities mea­
sured in two media. Medium A, yielding total ATPase 
activity, consisted of (mM): NaCl (100), MgCl-, (5). 
H2EDTA (0.1), Na2ATP (3), KC1 (12.5) and imidazole 
(30); pH 7.4. Medium E, yielding the ouabain-insensitive, 
K/-independent activity, consisted of medium A without 
KC1 but with added ouabain (1.0 mM). The incubation was 
performed at 37°C for 10-30 min. The reaction was stop­
ped on ice and by adding 100//I ice-cold TCA (40%). To 
determine ATP hydrolysis, the liberated P, was estimated 
as described by Fenwick (1976) with a Technicon auto­
analyzer.
Alkaline phosphatase (pH  10.4)
Membrane alkaline phosphatase was estimated with a 
commercial reagent kit (Sigma) for the assay of serum or 
plasma alkaline phosphatase: /7-nitrophenylphosphatase
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Table 1. Recovery and purification of eel gill plasma membranes (P,-fractions)
N a + /K + -ATPase
Alkaline
phosphatase
Succinatc
dehydrogenase Protein
Recovery (%) 13.1±2.33 (6) 1.8 ± 0 .7 6 (6 ) 3 .39±0.39 (7) 2 .6±0.57  (7)
Purification 61.9±5.76 0.91 ±0 .21 1.62±0.36 ----
Recoveries were expressed as percentages of  the total enzyme activities in the initial homogcnate (H0). The purification factors represent 
the ratios o f  the specific activities in the plasma membrane fraction ( P j  and the initial homogcnate (H0). Mean values ( ± S E M )  are 
given, with the number of observations in parentheses.
(/»-NPPase) activity was assayed at pH 10.4 in a glycine 
buffer in the presence of 5 mM Mg:+. Eel gut alkaline 
phosphatase (Sigma, type XIX) served as a reference. 
Activities were expressed in units eel gut alkaline phos­
phatase equivalents on basis of p-NP release. After the 
reaction was stopped with 1 N NaOH, p -NP was measured 
at 420 nm.
Succinate dehydrogenase
Succinate dehydrogenase (SDH) activity was estimated 
in a medium (pH 8.0) containing (mM): K;H P 0 4/KH;P 0 4 
(50), N a2-succinate (50), sucrose (25), and 1 mg/ml 2- 
(/>-iodophenyl)3 - (/7-nitrophenyl) - 5-phenyltetrazoliumhy- 
drochloride (/?-INT) according to Pennington (1961). The 
reaction was started by the addition of samples varying 
from 20-100(j l \ to 1 ml assay medium and incubations were 
carried out at room temperature until appropriate pink 
coloration. SDH activities were determined on the same 
day as isolation. The reaction was stopped by the addition 
of 100/¿.l TCA (40%) and extraction was done with 4 ml 
ethylacetate. The activity was determined in the organic 
phase by measuring the absorbance at 490 nm after over­
night phase separation at 4°C. Activities were expressed as 
A 490/hr mg protein.
Ca2+-stimulated phosphatases
The basic medium for Ca:+-stimulated phosphatase 
activities (pH 7.4) consisted of (mM): NaCl (100), ouabain 
(0.1), NaN3(5), oligomycin B (5/xg/ml), Tris-HCl (20); 
disodium salts of ATP. ADP, AMP and p-NPP were used 
as substrates. Ca2* ~  or Mg2+ ~  substrate complexes were 
prepared by adding equimolar concentrations of the chlor­
ide salts of either ion, assuming a 1 : 1 ratio for Me:*—che­
lation by adenosinephosphate-esters (Sapper et al. , 1980). 
Incubations were performed on 20-/xl samples in a total 
volume of 500/¿I for 30min at 25 or 37°C. Substrate 
hydrolysis was estimated as described for the Na~/K~- 
ATPase assay.
In all assays blanks were prepared by adding membrane 
samples after the reaction was stopped.
Lipophilic inhibitors (chlorpromazine, phenothiazine, 
R24571) were dissolved in ethanol (100%) and brought to 
the required concentration in the assay medium (ethanol 
concentrations did not exceed 0.1%). Membrane samples 
were preincubated with the desired final concentration of 
these inhibitors for 15 min at 37°C as suggested for R24571 
by Gietzen et al. (1981). Ethanol treated samples served as 
controls. All assays were performed in plastic tubes.
Water soluble inhibitors (theophylline, 1-phenylalanine, 
cysteine) were directly dissolved in the assay medium.
Reagents
All reagents used were of the highest purity commercial­
ly available. Ultrapure water was used in all assays. 
R24571 was purchased from Janssen Pharmaceutica, 
Beerse, Belgium. All other chemicals were obtained from 
Sigma (St. Louis, MO).
Statistics and calculations
Values are expressed as mean values±SEM. Statistical
analysis of the data was carried out applying Student's t- 
test. Significance was accepted with P<0.05 when /z<4, or 
with P<0.02 when n> 4 (a= 5 % ) .  Apparent /(„-values and 
V^-values were calculated by means of Lineweaver-Burk 
transformation of the Michaelis-Menten equation. Linear 
regression analysis was based on the least square method.
RESULTS
Isolation procedure
T ab le  1 shows the  p e rc e n ta g e  recovery  and  the 
purif icat ion fac to rs  for  several  m a r k e r  enzym es  in 
the P 3-fraction.  N a +/ K +-A T Pase  was used as p lasma 
m e m b ra n e  m arker ,  while succinate dehydrogenase  
was t a k e n  as a m a r k e r  for  m i tochondr ia l  m e m ­
b ranes .  T h e  P 3-fract ion  c o n ta in e d  a b o u t  13% of the 
initial N a 7 K ~ - A T P a s e  and  u n d e rw e n t  a 60-fold 
purif icat ion.  Succinate  d e h y d ro g e n a s e  activity was 
purif ied to only  a fac to r  o f  a b o u t  1.6  and  show ed  a 
recovery  of  a b o u t  3 .4 % .  A l th o u g h  a high deg ree  of 
purif ication for p la sm a  m e m b r a n e s  was o b ta in e d  as 
ju d g e d  by the  N a ~ /K / - A T P a s e  purif icat ion fac tor ,  
the  P-,-fraction still sh o w ed  m i tochondr ia l  c o n ta m i ­
na t ion .  T h e r e f o r e ,  we inc luded  ol igomycin and 
sod ium  azide in all o u r  A T P a s e  assays to specifically 
exc lude  m i tocho n d r ia l  A T P a s e  activities.  Only  
a ro u n d  2 %  of  the  initial a lka l ine  p h o s p h a ta s e  ( m e a ­
su red  at p H  10.4) was re co v e red  with a purif ication 
fac to r  o f  0.91. T h e  use o f  a lka l ine  p h o sp h a ta se  as 
p lasm a  m e m b r a n e  m a r k e r  was sugges ted  by M a  et 
al. (1974) bu t  we conc lude  this enzym e  to be 
in a p p ro p r ia te  in the  p re se n t  s tudy.  W e  p re fe r  the  
use o f  N a 7 K " - A T P a s e  as a p lasm a  m e m b r a n e  
m a r k e r  becau se  o f  its m em brane-spec i f ic i ty  and  its 
specific ouaba in -sens i t iv i ty .
Test fo r  substrate accessibility o f  the membrane  
vesicles
T w e en -8 0  had  no  significant effect  on  N a 7 K ~ -  
A T P a s e  activity o f  m e m b r a n e  vesicles o f  the  P3- 
f rac t ion  (T ab le  2). A s  d e te rg e n t  t r e a tm e n t  o f  sea led  
vesicles shou ld  increase  N a 7 K * - A T P a s e  activity 
(B r o th e r u s  et al ., 1979) as a resul t  o f  im p ro v ed  
su b s t ra te  accessibil i ty,  we co n c lu d ed  tha t  the  m e m ­
b ra n e  vesicles o f  the  P r frac t ion  w ere  sufficiently 
leaky and  th a t  they  did no t  req u i re  d e te rg e n t  
t r e a tm e n t  for  o p t im a l  subs t ra te -  a n d  ion-accessi- 
bility. A p p a r e n t l y  the  use o f  E D T A  in the  isolat ion 
p ro c e d u r e  secures  o p t im a l  e n z y m e  activities in this 
p la sm a  m e m b r a n e  vesicle p re p a ra t io n .
Effects o f  storage on C a :+ - or M g :+ -activated A T P  
hydrolysis
In Fig. 1 the  effects  o f  s to rage  at —90°C on  the
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Table 2. Effects of Tween-80 on the Na~/ K+ -ATPase activities in
eel gill plasma membranes (P,-fractions)
N a + /K + -ATPase (/¿mol P¡/hr/mg protein) 
Controls Detergent treated
Twccn-80 51.25± 14.1 (100%) 5 2 .14± 15.4 ( 103%)
N a + /K + -ATPasc activities were used as an indicator of substrate 
accessibility of the m em brane vesicle preparation. Samples 
were preincubated with Twcen-80 (0 .1%  v/v) at 37°C for lOmin 
and subsequently incubated for 15min at 37°C. Similar, buffer 
preincubatcd, samples served as controls. Mean values 
(± S E M )  are given for six different samples, with the percent­
age activity in parentheses.
specific activities o f  C a 2+- or  M g 2+-activated A T P  
hydrolysis  is presented.  T he  C a :+ -induced A T P  
hydroly t ic  activity p ro v e d  to be m o re  s table  than  the 
M g 2~-induced A T P  hydroly t ic  activity with  61 and 
3 7 %  of the  original  activity,  respect ively ,  being 
p re sen t  a f te r  e ight  days.  A s  a result  o f  the  d ifference  
in sensit ivity to w a rd s  s to rage  at low t e m p e r a tu r e ,  
the  ra t io  o f  M g 2' - i n d u c e d  A T P  hydrolysis  to C a 2"- 
induced  A T P  hydrolysis  d e c re a se d  f rom  0.86 to 0.61 
a f te r  o n e  day  and  to 0.53 a f te r  8 days ( P < 0 . 0 5 ) .  
B o th  curves  sh o w ed  the charac ter is t ics  o f  a curve  
c o m p o s e d  of  a fast and  a slow c o m p o n e n t .  A  rapid  
dec rease  is o b se rv e d  du r ing  the  first day  of  s to rage ,  
fo l lowed by a s low er  d ec rea se  in activity th e rea f te r .  
C o m p a r a b l e  results  w ere  p re s e n te d  by M a et al.
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Fig. 1. Effects of storage on Me;"-induced ATP hydrolytic 
activities in eel gill plasma membranes. Aliquots of P3- 
fractions were frozen in liquid nitrogen and stored at 
- 9 0 CC. Me:~-induced ATP hydrolysis (at 3mM M g~A TP 
or C a~ A T P )  was assayed on the day of isolation and 1, 4 
and 8 days afterwards, as described in Materials and 
Methods. Specific activities at day 0 were designated 100% 
activity and amounted to 52.8±7.2/zmol P/hr/'mg protein 
for C a ~ A T P  and 45.4±8.9/xmol P,/hr/mg protein for 
M g~ATP.  Mean values and standard errors of the mean
are given; /?=4.
mM Me2’
Fig. 2. Effects of different concentrations of Ca:"- or Mg2~- 
ions on ATP and ADP hydrolysis by eel gill plasma 
membranes (P3-fraction). Activities were expressed as 
percentages of the maximum hydrolytic activity (observed 
at 5 mM Ca2" and 5 mM ATP). Specific activities amounted 
to 60.2±2.8yu.mol P/hr/mg protein for 5m M  Ca—ATP, 
3 4 .7± 8 .1 /xmol P/hr/mg protein for 5 mM C a ~ A D P  and 
43.1 ±3.9/xmol P./hr/mg protein for 5 mM Mg~ATP. 
Me;~-concentrations that resulted in half-maximal activa­
tion of substrate hydrolysis (calculated with Lincweaver- 
Burk plots): 78/xM Ca:+ for ATP. 5 1 /zM Ca:+ for ADP 
and 101 /¿M Mg; ' for ATP. Mean values of six observa­
tions are given.
(1974) w ho  s to red  the i r  gill m e m b r a n e  p rep a ra t io n s  
at - 2 0 ° C .  It is t e m p t in g  to suggest  tha t  the  differ­
ence  b e tw e e n  C a 2+- and  M g 2~-induced A T P  hydro ly ­
sis in sensit ivi ty to s to rage  was a resul t  of  the 
d i f fe ren t ia l  inac t iva t ion  of  a h e t e r o g e n e o u s  enzyme 
pool  p re se n t  in eel gill p la sm a  m e m b ra n e s .
Activation  o f  adenosinephospluite-ester hydrolysis by 
C a : - or M g 2 ' -ions
Significant hydrolysis  o f  a d e n o s in e p h o s p h a te -  
e s te rs  u p o n  in cu b a t io n  with eel  gill p la sm a  m e m ­
b ra n e s  was strictly d e p e n d e n t  on  the  p re sence  of 
C a 2~- o r  M g 2~-ions. This  r e q u i r e m e n t  for  hydrolytic  
activity m ay  involve ac t iva t ion  of  en zy m es  or  a 
m odif ica t ion  o f  the  c o n fo rm a t io n  o f  the  subs t ra tes  
d u e  to the  che la t io n  o f  these  ions to adenos ine  
p h o s p h a te - e s te r s .  T h e  high c o n c e n t r a t io n s  o f  the 
ions r e q u i r e d  fo r  m a x im u m  ac t iva t ion  ( 5 m M  
C a 2" + 5 m M  A T P ;  Fig. 2) favor  the  la t te r  e x p la n a ­
t ion.
In a so lu t ion  with  a m ix tu re  o f  A T P ,  A D P  and 
A M P  a n d  n o n - s a tu ra t in g  c o n c e n t r a t io n s  o f  C a 2+- or 
M g : ~-ions, these  ions will p re fe ren t ia l ly  be  che la ted  
with the  m os t  c o m p le x  l igand ( A T P )  because  the 
affinity o f  the  a d e n o s in e p h o s p h a te - e s t e r s  for  C a :~- 
o r  M g 2"-ions inc reases  with inc reas ing  n u m b e r s  of 
p h o s p h a te  g ro u p s  in these  e s te r s  (T ab le  3). At 
e q u im o la r  c o n c e n t r a t io n s  o f  C a 2+ a n d  A T P ,  enzy-
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Table 3. Equilibrium constants for adenosinephosphate-esters and
Ca2+- or Mg2+-ions
Ligand Mg2 + C a2+
A TP 3.61-4.40 3.14-4.34
A D P 3.01-3.60 2.78-3.34
A M P 1.69-2.00 1.41-1.85
The combination of ligands with metal ions is given by:
M L„_, +  LML„, where Kn = lo g (M L J/(M L „  _ ,)(L)
K,-values are given for media with an ionic strength of 0.1-0.2 mol/1 
at 20-30 C. Data were collected from: Stability Constants, 
Special publication No. 17, London, The Chemical Society, 
1964.
matic  b r e a k d o w n  o f  the  C a 2^ ~ A T P  com plex  will 
give C a 2^ ~ A D P  and  p h o s p h a te  as reac t ion  p r o ­
ducts .  If, on  the  o th e r  h a n d ,  a su rp lus  of  A T P  is 
p re sen t  re la t ive  to  C a 2 -ions,  u p o n  enzym at ic  hy­
drolysis  o f  C a 2* ~ A T P  the  C a 2+-ions will m igra te  
f rom  the  reac t ion  p ro d u c t  C a 2+~ A D P  to the  free
A T P ,  which leads  to  a reac t ion  m ix tu re  of 
C a 2* ~ A T P ,  an d  free  A T P  and  A D P .
Figure  2 shows the  effects  of  d if fe ren t  c o n c e n ­
t ra t ions  of  C a 2~- o r  M g 2+-ions on  A T P  or  A D P  
hydrolysis  at  fixed c o n c e n t ra t io n s  o f  A T P  or  A D P  
( 5 m M ) .  M a x im u m  activit ies consis ten t ly  occu r red  
at e q u im o la r  c o n c e n t ra t io n s  o f  d iva len t  ion and 
A T P  o r  A D P .  T h e  V ^ - v a l u e  for  M g 2+-act ivat ion of 
A T P  hydrolysis  was 7 1 .5 %  tha t  of  the  K ^ - v a l u e  
fou n d  for  C a 2~-activation of  A T P  hydrolysis .  T h e  
Kmax-values for C a 2+-act iva t ion  o f  A D P  hydrolysis  
cam e  to 5 7 %  o f  the  V ^ - v a l u e s  for  C a 2+-activat ion 
of  A T P  hydrolysis .  T h e  a p p a r e n t  / („-va lues  for 
M g 2*- o r  C a 2' - in d u c e d  subs t ra te  hydrolysis  w ere  
78 /¿M C a 2" for  A T P ,  51piM  C a 2+ for  A D P  and  
101 /jlM  M g 2* for  A T P .  A T P -hydro ly s is  was inc reas ­
ingly d im in ished  at M g 2+- o r  C a 2+-concen t ra t ions  
exceed ing  the  A T P  c o n c e n t ra t io n s  (2.5 o r  5.0 m M ).
In Figs 3(a)  a n d  (b) and  T ab le  4 the  results  of  
substra te-specif ic i ty  d e te rm in a t io n s  are  show n.  A p -
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Fig. 3. Eel gill phosphatase substrate specificity tests. Aliquots of P,-fractions were incubated with 
equimolar concentrations of adenosine-phosphate esters and either Ca:* (left) or Mg:+ (right). Four 
plasma membrane preparations were tested with six different substrates each. Additionally, curves are 
shown that represent the difference between the specific activities measured with ATP and ADP, and 
the difference between the specific activities measured with ADP and AMP. Half-maximal activation 
concentrations and maximum velocities (calculated with Lineweaver-Burk plots) are given in Table 4.
Mean values and standard errors of the mean are given; n = 4.
Table 4. Apparent Km values and Vmax values for C a :+ — and M g :+ — substrate complexes in eel gill plasma membranes
Substrate Apparent Km
Vmax
Calculated Observed
C a ~ A T P 0.83±0.13 38.16±4.67 52.78 ± 7 .2 4  (100%)
C a ~  A D P 0.53 ±0.13 23.95±5.43 28.93 ±  2.63 (55%)
C a ~  A M P 0.10±0.04 3.43±0.53 3.69 ±  0.30 (7%)
Ca-p-NPP 0.14 2.76 2.76 ± 0 .1 2  (5%)
M g ~ A T P 0.52±0 .10 29.03±7.43 45.42 +  8.85(100%)
M g ~ A D P 0.38±0 .12 20.12±3.55 23.39 ± 2 .3 3  (51%)
M g ~ A M P 0.20±0.07 5 .34±  1.07 7.35 ± 0 .8 6  (16%)
Mg-p-NPP 0.14 3.03 3.03 ±  0.64 (7%)
Km-values (mM) and Fmax-values (/imol Pi/hr/mg protein) were calculated for individual samples by means of  Lineweaver-Burk plots. 
Calculated Kmail-values were compared with observed -values. Mean values are given ( ±  SEM) for four different samples. Significance 
o f  differences is given in the text.
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p a re n t  ^ „ - v a lu e s  and  Vmax-values  w ere  ca lcu la ted  on 
the  basis o f  incuba t ions  o f  p la sm a  m e m b r a n e s  with 
varying c o n c e n t ra t io n s  o f  e q u im o la r  a m o u n ts  of 
phosphate-es te rs  (ATP,  A D P ,  A M P  or / ; -N P P )  and  
divalent  ions (C a 2+ or  M g 2+). Kniax-values for A D P  as 
c o m p a re d  to A T P  ( =  100% ) are  55 and  5 1 %  for 
C a :* and  M g :" respect ively .  T h e  V"max-values for 
M g ~ A M P  w ere  twice as high as o b se rv ed  for 
C a ^ A M P  or />-NPP in com bina t io n  with either 
C a 2+ or  M g : + .
A p p a r e n t  A'w-values  d e c re a sed  with decreas ing  
n u m b e rs  o f  p h o s p h a te  g ro u p s  in the  su b s t ra te ,  i.e. 
the  a p p a re n t  affinities for  the  s imples t  subs t ra tes  
( A M P  and  ; ; -N P P )  w ere  fou n d  to be the  highest .  No  
d if fe rence  was found  in a p p a r e n t  affinity b e tw een  
A M P  or p -N P P  in co m b in a t io n  with ei ther  C a : ‘ or 
M g : + . The  a p p a re n t  affinity for M g  ~  A T P  and 
M g ~ A D P  was significantly h igher  than  for 
C a ~ A T P  o r  C a ~ A D P .
F or  the  A T P  co m p lex es  as sub s t ra te s  the ca lcu­
lated and  o b se rv ed  Vmax-values  d if fe red  significantly. 
This  sugges ted  tha t  the  results  did not  fulfil the 
r e q u i r e m e n t s  for  a L in e w e a v e r - B u r k  t r a n s f o r m ­
at ion .  This  again may indicate  th a t  the enzym e 
p re p a ra t io n  is h e te ro g e n e o u s .  O n  the  basis o f  the 
a p p a r e n t  /C„,-values in T ab le  4 it m ay  be expec ted  
tha t ,  w h en  A T P -c o m p le x e s  are  given as subs t ra te ,  
the  reac t io n  p ro d u c t  C a ~ A D P  will p referen t ia l ly  be 
hydro lyzed  to C a ~ A M P  and  subsequen t ly  
C a ~ A M P  to ad en o s in e .  A s  the  re lease  o f  p h o sp h a te  
was m e a s u re d  as an ind ica t ion  for  su b s t ra te  hyd ro ly ­
sis. the  V ^ - v a l u e s  w ere  very  likely o v e re s t im a te d  
w hen  A T P  o r  A D P  w ere  used as subs t ra tes .  T h e r e ­
fore ,  the  s a tu ra t io n  curves  for A T P  and  A D P  
hydrolysis  w ere  also p re s e n te d  as the  d if ferences  
b e tw e e n  A T P  and  A D P  hydrolysis  and  be tw een
J  J
A D P  a n d  A M P  hydrolysis .  T h e  d i f fe rences  b e tw een  
the  c o r re c te d  va lues  for V m.iX o f  A T P  and  A D P  
hydrolysis  a re  no t  significant.
F ro m  these  o b se rv a t io n s  we conc lude  tha t  u n d e r  
the  cond i t ions  desc r ibed  no high affinity C a :~- 
A T P a s e  can be d e m o n s t r a t e d .  Ins tead  the  obse rved  
hydroly t ic  activities r e p re se n t  non-specific  p h o s ­
p h a ta se  activities.  W e  th e re fo re  e x a m in e d  the  ef­
fects o f  several  inh ib i to rs  on C a ~ A T P  and  
M g ~ A T P  hydrolysis  in a n o t h e r  set  of  ex p e r im en ts .
Effects o f  inhibitors on C a ^ A T P  and  M g ^  A T P  
hydrolysis ( Table 5)
U n d e r  o u r  assay cond i t ions ,  up  to 10 m M  l - 
p h en y la lan in e  (a k n o w n  inh ib i to r  o f  gut a lkal ine  
p h o s p h a ta s e )  had  no inh ib i to ry  effect  on  e i the r  
C a ~ A T P  or  M g ~ A T P  hydrolysis .  C onverse ly ,  
theophyll ine,  a m o re  po ten t  inh ib i to r  o f  alkaline 
p h o sp h a ta se  (Ghijsen et al., 1980), inhibited signifi­
cant ly  m o re  C a ~ A T P  hydrolysis  th an  M g ~ A T P  
hydrolysis  (23.4 and  14 .6%  respect ively) .  Both  
activities were inhibited by up to 80% with L-cys te ine  
(10 m M ).  However ,  the ca lcula ted  50% inhibit ion 
occurred  at 2.27 m M  cysteine for C a ^ A T P  h y d ro ­
lysis and  6.08 m M  cysteine for M g - A T P  hydrolysis  
(Fig. 4).
R24571,  c h lo rp ro m a z in  and  p h e n o th ia z in  have 
been  r e p o r t e d  to inhibi t  ca lc ium t r a n s p o r t  re la ted  
high-affinity C a :" -A T P a s e  activit ies  by co m p e t i t io n  
with  ca lm o d u l in  at verv  low inh ib i to r  c o n c e n t ra t io n s
Tabic 5. Effccts of various inhibitors on C a ~ A T P  and M g—ATP
hydrolysis in ccl tzill plasma membranes9 #
Maximum inhibition (%)
Ca -  ATP Mg -  ATP
Inhibitor (3 mM ) (3 mM)
L-Phenylalaninc (10.0) 0.0 0.0
Theophylline (1.25) 23.4 14.6
Cysteine (10) 77.2 76.7
R24571 (0.01) 5.1 14.1
Chlorpromazine (0.1) 6.1 9.0
Phenothiazine (0.001) 6.0 10.8
Inhibition (%) at the most effective inhibitor concentration (mM) is 
given for the average o f  six individual samples tested with and 
without inhibitors.
mM CYSTEINE
Fig. 4. L-Cystcine inhibition of M g - A T P  and Ca —ATP 
hydrolysis by cel gill plasma membranes (P3-fraction). Half- 
maximal inhibition was calculated to occur at 2.2 mM 
L-cystein for Ca -  ATP and at 5 mM L-cysteine for 
M g - A T P .  Specific activities in the absence of L-cysteine 
amounted to 38.2 ±  4.7 /¿mol P,/hr/mg protein for 
Ca -  ATP (3 mM) and 23.3 ±  3.0//mol P,/hr/mg protein for 
Mg -  ATP (3 mM). Mean values and standard errors of the
mean are given: n = 6.
(0 .01- 1.0  fj.M ) o r  by affec t ing  the  ca lmodulin-  
i n d e p e n d e n t  basal  activit ies at h ighe r  con cen t ra t io ns  
(1 .0 -1 0 .0 /x M ) .  M a x im u m  inh ib i t ion  o f  C a ~ A T P  or 
M g ~ A T P  hydrolysis  o c c u r re d  at the  h igher  in­
h ib i to r  c o n c e n t r a t io n s  bu t  no  significant differences  
w ere  o b s e rv e d  b e tw e e n  the  effects  o f  these  in­
h ib i tors  at  low o r  high c o n c e n t ra t io n s .  M g ~ A T P  
hydrolysis  was ,  h o w e v e r ,  s ignificantly m o re  sensitive 
(1 4 %  inh ib i t ion)  to w a rd s  these  inh ib i tors  than 
C a ~ A T P  hydrolys is  (6 %  inhib i t ion) .
T h e s e  resul ts  confirm tha t  the  C a ~ A T P  or 
M g ~ A T P  hydro ly t ic  act ivit ies  in eel gill p lasma 
m e m b r a n e s  a re  no t  h o m o g e n e o u s .
DISCUSSION
F o u r  m a jo r  findings a re  p r e s e n te d  in this paper .  
(1) C a : ' - a c t iv a te d  A T P a s e  activit ies occu rr ing  in the
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gills o f  A m e r ic a n  eels  a re  loca ted  in the  p lasma 
m e m b r a n e s  o f  this ep i the l ium .  (2) T h e  assay p ro c e ­
dures  for fish gill C a :+ -A T P ase  previously described in 
the l i terature,  and  retested in this s tudy did not  
allow the  d e te rm in a t io n  o f  a single,  specific C a 2*- 
A T P a s e .  (3) Eel  gill p la sm a  m e m b r a n e s  conta in  
m o re  than  o ne  type  o f  en zy m e  tha t  hydrolyzes  
co m p lexes  o f  C a 2+- o r  M g 2"-ions and  adeno -  
s in e p h o sp h a te -e s te r s ,  as ind ica ted  by subs t ra te  
specificity tests and  effects  o f  var ious  inhib i tors  on 
these  hydro ly t ic  activities.  (4) T h e s e  C a 2+-act ivated  
A T P a s e  activities do  not  r e p re se n t  high affinity, 
t r a n sp o r t  C a 2^ -A T P ase  activity but  r a th e r  n o n ­
specific “ a lk a l in e"  p h o s p h a ta s e  activities.
Location o f  C a 2' - or M g 2 + -activated A T P ase  activ­
ities
T h e  p ro c e d u re  used  for  isolating the  p lasm a 
m e m b r a n e s  o f  eel gills in this s tudy y ie lded a highly 
e n r ich e d  p la sm a  m e m b r a n e  f rac t ion ,  as ind ica ted  by 
the N a 7 K * - A T P a s e  specific activities,  with only 
m in o r  m i to ch on d r ia l  c o n ta m in a t io n .  T o  exc lude  any 
in te r fe ren ce  o f  m i to ch o n d r ia l  A T P a s e  activities,  
o l igomycin  and  so d ium  azide  w ere  rou t ine ly  a d d e d  
to the  assay m ed ia .  W e  th e re fo re  conc lude  tha t  the 
o b se rv e d  C a 2*- o r  M g 2+-ac t iva ted  A T P a s e  activities 
res ide  in the  p la sm a  m e m b r a n e s  o f  the  gill 
ep i th e l iu m .  But  we do  ac k n o w le d g e  tha t  a po r t ion  
of  these  activit ies m ay  have  o r ig ina ted  f rom  enzym e  
activit ies o f  e n d o p la s m a t ic  re t icu lum  origin as we 
d id  no t  screen  for  m a r k e r  e n z y m e  activit ies for  these  
m e m b r a n e s  du r ing  the  isola t ion p ro c e d u re .  T h e  
ac t iva t ion  curves  o b se rv e d  for  A T P  hydrolysis  at 
increas ing  c o n c e n t ra t io n s  o f  C a 2*- o r  M g 2*-ions with 
this p r e p a ra t io n  re se m b le d  closely those  previously  
r e p o r t e d  for  gill m e m b r a n e s  o f  ra in bo w  t rou t  (M a  et 
al ., 1974), A m e r i c a n  eels  (F en w ick ,  1976), roach  
(Shephard ,  1981), and  t i lapia (our  unpub l ished  obse r ­
vations).  T he  calcula ted  A.',„-values for C a 2^- or  
M g 2*-activation of  A T P  hydrolysis  a re  s imilar  to 
p rev ious ly  pub l i shed  va lues  (F en w ick ,  1979). T h e  
d i f fe rences  in Vmax-values  p r e s e n te d  here  and  those  
in the earlier l i tera ture  m ay  be the result o f  the use o f  
m ore  highly purified m e m b ra n e  fract ions in the 
p re se n t  s tudy  and  f rom  d if fe rences  in incuba t ion  
t e m p e r a tu r e s .
Characteristics o f  the C a 2+-activated A T P ase  activ­
ities
O n e  o f  the  resul ts  o f  this s tudy  we wish to 
e m p h a s iz e  is tha t  the  assay p ro c e d u re s  previously  
e m p lo y e d  for  C a 2*-act ivated A T P a s e  activit ies in 
fish gills ( a m o n g  o th e r s )  did not  fulfil the  r e q u i r e ­
m e n ts  for  the  d e t e r m in a t io n  of  t r a n sp o r t  C a 2*- 
A T P a s e s .  R a t h e r  they  y ie lded  non-specific  activities 
o f  C a ~ A T P  o r  M g ~ A T P  hydro lyz ing  enzym es .  T o  
s u p p o r t  this c o n te n t io n  we p ro p o s e  four  m a jo r  
cri t icisms. (1) T h e  affinity o f  the  r e p o r t e d  A T P a s e  
for C a 2" was  to o  low for  an e n z y m e  tha t  must  be 
s t im u la te d  by C a 2* at in t race l lu la r  C a 2~-concen- 
t ra t ions .  (2) Th is  C a 2+-s t im u la ted  A T P  hydrolysis ,  
even  m e a s u r e d  at su b o p t im a l  p H  (F enw ick ,  1979), 
exceeds  the  N a  / K ' - A T P a s e  activity an d ,  th e re fo re ,  
w ou ld  ind ica te  C a 2+- t r a n s p o r t  ra tes  tha t  w ould  su r ­
pass the  N a " - t r a n s p o r t  ra tes  by severa l  o rd e r s  of
m a g n i tu d e .  (3) N o  ev idence  was p ro v id ed  tha t  A T P  
was the  p re fe ren t ia l  subs t ra te .  (4) T h e  p H -o p t im a  
for the  activities w ere  re p o r te d ly  in the  alkal ine  
t ra jec to ry  (M a  et a l . , 1974; F enw ick ,  1976) and  were
thus  charac te r is t ic  for  a lkal ine  p h o sp h a ta se .
Because o f  these criticisms we conclude  tha t  the
observed act ivat ion  curves for C a 2+- or  
M g 2 - induced A T P  hydrolysis  represent  sa tu ra t ion  
curves for complexes o f  A T P  with ei ther metal  ion 
ra the r  than  C a 2+- or  M g 2 f -ac t ivat ion  o f  A T P -  
hydrolyzing enzymes. Hydrolysis  o f  A T P  is strictly 
dependen t  on the presence o f  C a 2+ or  M g 2+, sug­
gesting tha t  A T P  alone is no t  (detectably) used as a 
substra te .  U p o n  add i t ion  o f  C a 2+ or  M g 2+ to A T P -  
con ta in ing  media,  these metal  ions will be chelated by 
A T P  (Walaas ,  1958; Sapper  et al., 1980). A l though  
M g 2+ is chelated m ore  s trongly than  C a 2+ by A TP ,  
bo th  in teract ions  have the same modify ing effect on 
the co n fo rm a t io n  o f  the adenos ine -phospha te -es te r  
and  thus allow effective b inding  o f  the p h o sp h a te  
g ro u p  to the active site o f  enzymes. In this context  it 
should  be m en t ioned  tha t  N a +/ K +-A T Pase  (Bonting  
and  C aravaggio ,  1963) as well as the typical t r an sp o r t  
C a 2 + -A TPases  o f  rat  intestine (Ghijsen et a l 1980) 
are dependen t  on M g  ~  A T P  a l though  they m ay be 
inhibited by C a ~ A T P  (Epstein and  W h i t tam ,  1966).
M a x im u m  velocit ies  a re  fo u n d  at e q u im o la r  
c o n c e n t ra t io n s  o f  C a 2* o r  M g 2* and  A T P  or  A D P .  
H o w e v e r ,  w h en  C a 2*- o r  M g 2~-ion co n cen t ra t io n s  
e x c e e d e d  the  A T P -c o n c e n t r a t io n  by 2.5 o r  5.0 m M ,  
A T P -hydro ly s is  was inh ib i ted .  This  indicates  tha t  
C a - A T P  and  M g - A T P  hydrolysis  is inh ib i ted  by high 
levels o f  free C a 2+ o r  M g 2* respectively.
T h e  possibil ity c a n n o t  be exc luded  tha t  in ou r  
assay p ro c e d u r e ,  s t im ula t ion  of  free o r  co m p lex ed  
A T P  hydrolysis  occurs  by m ic ro m o la r  c o n c e n ­
t ra t ions  o f  free C a 2* o r  M g 2*. But  if we assum e tha t  
the  p re sen ce  o f  b o th  C a 2* and  M g 2* in the  assay 
m e d iu m  is a p re req u is i te  for  the  d e te rm in a t io n  of  a 
t r a n sp o r t  C a 2* -A T P a se ,  it is clearly no t  possible to 
show  such an en z y m e  with the  assay p ro ced u re s  
app l ied  in this and  m an y  o th e r  s tudies .  A dd i t iona l ly ,  
we w an t  to stress tha t  f ree  C a 2*-ion co n cen t ra t io n s  
o f  the  assay m e d ia  in the  m ic ro m o la r  range  can n o t  
be o b ta in e d  rel iably unless  a p p ro p r ia te  buffer ing  
with E G T A  o r  N T A  is e m p lo y e d  (Sharff ,  1979, 
1981; G h i j s e n  et al ., 1980).
M o re o v e r ,  w h e n  a su rp lus  o f  A T P  relat ive to C a 2^  
is used ,  new  su b s t ra te  will cons tan t ly  be p ro d u c e d  in 
the  assay m e d iu m  as the  free  A T P  will reac t  with the 
reac t ion  p ro d u c t  C a - A D P  to p ro d u c e  C a - A T P  and  
A D P .  W h e n  this C a 2* -d e p e n d e n t  su b s t ra te  p r o ­
duc t ion  occurs ,  the  ac t iva t ion  curve  re p re se n ts  the 
effects  o f  C a 2*-defined su b s t ra te  co n c e n t ra t io n s  
r a th e r  th an  the  effects  o f  C a 2*-concen tra t ions  on 
A T P -h y d ro ly t i c  activities.  W h e n  A D P  was subs t i ­
tu te d  for  A T P  in this type  o f  e x p e r im e n t ,  c o m p a r ­
able  resul ts  w ere  o b ta in e d .  N o  p h o s p h a te  re lease  
o c c u r re d  in the  absen ce  o f  C a 2\  T h e  shape  of  the 
ac t iva t ion  curve  o b se rv e d  r e s e m b le d  the  one  for 
A T P  and  sugges ted  tha t  the  hydrolysis  o f  A D P  is 
also d e p e n d e n t  on  the  che la t ion  of  C a 2+.
A s  P.-release was  m e a s u r e d  as an ind ica t ion  of  
su b s t r a te  hydrolysis  in all cases ,  no  s t ra igh t fo rw ard  
a n sw er  can  be given as to w h e th e r  these  activities 
w ere  the  resul t  o f  the  hydrolysis  o f  a single sub-
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s t ra te -co m plex  o r  o f  a c o m b in a t io n  of  the  original 
subs t ra te  and  the  reac t ion  p roduc ts .  K m-values  cal­
cu la ted  for  C a 2t-ac t iva t ion  o f  A T P  or  A D P  hydro ly ­
sis by the  e n z y m e  p re p a ra t io n s  used ,  m ay  the re fo re  
be incorrec t  d ue  to  the  c o n t in u o u s  p ro d u c t io n  of  
new  subs t ra te .  If such was the  case the  affinities for 
com plexes  o f  A T P  and  A D P  with C a 2~ o r  M g 2+ were  
p ro b a b ly  o v e re s t im a te d .
T o  test  the  p re fe re n c e s  for C a 2^ - and  M g 2~- 
subs t ra te  com plex es  we m e a s u re d  the  act ivat ion 
curves for these complexes,  assum ing  a 1:1 ra t io  for 
C a 2+- o r  M g 2+-chelation by the adenos inephospha te -  
esters .  ^ „ - v a lu e s  w ere  found  to be m uch  h igher  than  
the  values  found  in the  p re sence  o f  u n c h e la ted  A T P ,  
p ro b ab ly  because  subs t ra te  c o n c e n t ra t io n s  b eco m e  
limiting at low co n cen t ra t io n s .  Surpris ingly ,  K m- 
values  ca lcu la ted  f rom  L in e w e a v e r - B u r k  plots  for 
the  d i f fe ren t  co m p lex es  w ere  highest  for the  A T P -  
com plexes  and  lowest  for  the  A M P -c o m p le x e s .  As 
the  affinity for  A D P  and  A M P ,  which a p p e a r  as 
reac t ion  p ro d u c ts  du r ing  the hydrolysis  o f  A T P ,  
w ere  h igher  than  for  the  original  A T P  it was to be 
e x p ec ted  tha t  hydrolysis  o f  the  first-given subs t ra te  
would  co n t in u e  until  d e p h o sp h o ry la t io n  was c o m ­
ple te .  T h e r e fo r e  the  Kmax-values  for  A T P -  and  A D P -  
co m p lexes  ca lcu la ted  on  the  basis o f  P,-release are 
o v e re s t im a te d .  T h u s  w hen  P,-release is used  as a 
m e a su re  for  su b s t ra te  hydrolysis ,  the  ra te  o f  A T P  
hydrolysis  is b e t t e r  e s t im a te d  as the  d ifference 
b e tw e e n  A T P  and  A D P  hydrolysis ,  and  A D P  hy­
drolysis  as the  d i f fe rence  b e tw e e n  A D P  and  A M P  
hydrolysis .  C o r r e c t e d  in this way,  the  Kmax-values  for 
C a ~ A T P ,  C a ~ A D P  and  M g ~ A T P  w ere  not  sig­
nificantly d i f fe ren t  f rom each  o th e r .  T h e  values  for 
M g ~ A D P  w ere  significantly lower;  those  for 
M g ~ A M P  and  C a ~ A M P  w ere  low er  still. This  
w ou ld  clearly po in t  again  to the  non-specific  c h a ra c ­
te r  o f  these  p h o s p h a ta s e  activities.
H o w e v e r ,  ca re  shou ld  be ta k e n  with results  o b ­
ta ined  f rom  L in e w e a v e r - B u r k  plots  w h en  co m pl i ­
ca ted  sam ples  such as p lasm a  m e m b ra n e -p r e p -  
a ra t ions  a re  used .  W h e n  the  sam e  results  a re  p lo t ted  
accord ing  to E a d i e - H o f s t e e ,  no  s tra ight  lines were  
o b se rv e d  for  any  su b s t ra te  te s ted .  This  w ould  m ean  
then  th a t  the  d a ta  do  not  fulfil the  r e q u i r e m e n t s  for 
kinetic  analysis  by m e a n s  o f  a L in e w e a v e r - B u r k  plot 
(B ors t  Pauw els ,  1973). Th is  finding might  also 
expla in  why the  ca lcu la ted  l ^ - v a l u e s  w ere  fo un d  to 
be low er  th an  the  o b se rv e d  values .  F u r th e r m o r e ,  
the  fact th a t  no  s t ra igh t  lines w ere  o b se rv ed  in 
E a d i e - H o f s t e e  p lo ts  for  su b s t ra te -c o m p lex e s  s u p ­
por ts  again  the  p o s tu la te  tha t  m o re  than  o n e  p h o s p h a ­
tase activity is p re se n t  in eel  gill p la sm a  m e m b ra n e s .  
A n o t h e r  com pl ica t ing  fac to r  is the  o b se rv a t io n  tha t  
the  high P r levels,  which  w ere  y ie lded  with high 
c o n c e n t ra t io n s  o f  su b s t ra te -co m p le x e s ,  m ay  have 
inh ib i ted  p h o s p h a ta s e  activities.  This  would  result  in 
an u n d e re s t im a t io n  o f  Kmax-values.
W e  conc lude  tha t  the  non-specif ic  C a ~ A T P -  
p h o s p h a ta s e  activity in the  eel gill hydro lyzed  
C a ~ A D P  and  M g ~ A T P  equa l ly  well (equa l  V, 
va lues) ,  w h en  su b s t ra te  hydrolysis  is e s t im a ted  
p rope r ly .  T h e s e  d a ta  a re  also m o re  cons is ten t  with 
the  thesis  th a t  the  ac t iva t ion  of  A T P  o r  A D P  
hydrolysis  by C a 2+ o r  M g 2+ is m o re  likely a result  of 
che la t ion  o f  these  m e ta l  ions bv the  su b s t ra te s  r a th e r
than  a d irect  s t im ula t ion  of  en zy m es  by C a 2* or 
M g 2+. B u t  it c a n n o t  be exc luded  tha t  the  P, m e a ­
su red  w h en  C a ~ A T P  is the  su b s t ra te ,  or iginates  
f rom  a C a ~ A T P ,  an A T P  hydro lyz ing  activity (or 
b o th )  a f te r  s t im ula t ion  by m ic ro m o la r  co n ce n ­
t ra t ions  o f  free  C a 2+ p re sen t  in the  reac t ion  media .  
F o r  the  d e te rm in a t io n  of  such “ high-aff ini ty"  C a 2*- 
A T P a s e s  the  assay m ed ia  m us t  con ta in  C a 2"-buffers 
to establ ish  rel iably m ic ro m o la r  co n c e n t ra t io n s  of 
C a 2+.
max
Effects o f  various inhibitors on C a ~  A T P  and 
M g —A  TP  hydrolysis
A s the prev ious ly  r e p o r t e d  p H - o p t im a  for C a 2+- 
ac t iva ted  A T P a s e  activities a p p ro x im a te d  a value of 
8.0 (M a  et a l . , 1974: F en w ick ,  1976) we d e d u c e d  that 
most  o f  the  P r re lease  was due  to non-specific 
a lkal ine  p h o s p h a ta s e s  and  we th e re fo re  tes ted  the 
effects  o f  va r ious  inh ib i to rs  on C a ~ A T P  and 
M g  ^  A T P  hydrolysis.  L-Phenylalanine,  theophyll ine 
and  L-cysteine are repor ted  to affect non-specific 
phospha ta ses  with alkaline p H -o p t im a .  Chlor-  
p rom azine ,  pheno th iaz ine  and  ca lmidazol ium 
(R24571)  a re  r e p o r t e d  to act  as ca lm odu l in -an tagon -  
ists in a c o n c e n t r a t i o n - d e p e n d e n t  way and  to inhibit 
calc ium t r a n sp o r t  in rat e n te ro c y te s  and  hum an  
e ry th ro cy te s  by inhib i t ion  o f  the  high-affinity t rans ­
p o r t  C a 2~-A TPases  (G h i j s e n  et al ., 1982; G ie tzen  et 
al. ,  1981).
L-Phenyla lan ine  (u p  to 10 m M )  did not  affect 
C a ~ A T P  o r  M g ~ A T P  hydrolysis  u n d e r  o u r  s tan ­
d a rd  cond i t ions  (p H  7.4).  T h e s e  results  co n cu r  with 
the  resul ts  o f  G h o s h  and  F ish m an  (1966),  who 
similarly r e p o r t e d  tha t  p h o s p h a ta s e  activity was not 
inh ib i ted  by L-phenyla lan ine  at p H -v a lu es  below 
7.8. O n  the  o th e r  h a n d ,  G h i j s e n  et al. (1980) did 
r e p o r t  significant L -pheny la lan ine - induced  inhibi­
tion o f  a lka l ine  p h o s p h a ta s e  activity in rat  en te ro -  
cyte p la sm a  m e m b r a n e s ,  at a p H  of  7.4. This 
d iscrepancy m ay  reflect the organ-specificity o f  l - 
phenyla lan ine  suggested by G h o s h  and  F ishm an  
(1966).  O t h e r  e x p la n a t io n s  for  this d isc repancy  are 
tha t  the  k ind of  su b s t ra te  used  was not  a p p ro p r ia te  
to show  the  effects  o f  the  inh ib i to r ,  o r  the  fact that 
m e m b r a n e  p re p a ra t io n s  w ere  used  ins tead  of  pure  
enzymes. Theophyl l ine ,  a m ore  po ten t  inh ib i to r  of 
a lkal ine p h o sp h a ta se  activities than  L-phenyl­
a lan ine ,  had  m ax im al  effects  at a c o n c e n t ra t io n  of 
1.25 m M  on b o th  C a ~ A T P  and  M g ~ A T P  hydro ly­
sis, bu t  the  C a ~ A T P  hydrolysis  was inh ib i ted  to a 
g re a te r  ex ten t  th an  the  M g~~ATP hydrolysis .  This 
suggests  tha t  C a ~ A T P  was the  p re f e r r e d  substra te  
for  a gill p h o s p h a ta s e  activity.  H o w e v e r ,  both 
C a ~ A T P  and  M g ~ A T P  can  be  hydro lyzed  by 
theophyll ine-sensit ive enzyme activities. M ax im u m  
inhibi t ion p ro d u ced  by theophyll ine  was 20% o f  the 
total  hydrolyt ic  activity indicat ing  again 
heterogenei ty  o f  enzyme activity. Cysteine,  an  a lka ­
line p h o s p h a ta s e  inh ib i to r  th a t  acts by b ind ing  the 
intr insic Z n 2 -ion gave  up  to 8 0 %  inhib i t ion  of  both 
C a ~ A T P  and  M g ~ A T P  hydrolysis .  C a lcu la ted  I50- 
va lues ,  h o w e v e r ,  d i f fe red  significantly for these 
subs t ra tes :  I50- C a ~ A T P :  5.0  m M ,  I50- M g ~ A T P :  
2.2 m M .  Thus ,  the cysteine would  seem to act by 
dissociat ion o f  the subs t ra te -com plexes  ra the r  than
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direct ly  via the  enzym es .  T h e r e f o r e ,  these  results  do 
no t  al low the conc lus ion  tha t  the  p h o s p h a te  release  
is due  to the  p re sence  o f  Z n 2f-con ta in ing  enzym es .
T he  phenoth iaz ines  inhibited M g  ~  A T P  and 
C a ^ A T P  hydrolysis  to a different extent: m ax im a  
were only 6% for C a ~ A T P  and  15% for M g ~  A TP.  
This  finding suggests tha t  a large q uan t i ty  o f  n o n ­
specific pheno th iaz ine  insensitive p h o sp h a ta se  activity 
was p re sen t .  B u t  w h e th e r  the  effects  o f  these  in­
h ib i tors  at high c o n c e n ta t io n s  resu l ted  f rom  c o m ­
pet i t ion  with ca lm odu l in s ,  which are  a b u n d a n t ly  
p re sen t  in these  m e m b r a n e  p re p a ra t io n s  ( u n p u b ­
lished o b se rv a t io n )  o r  re su l ted  f rom  an effect on 
m e m b r a n e  in tegri ty ,  causing  r e d u c e d  hydroly t ic  ac­
tivity (V an  Belle ,  1981), r em a in s  to be e luc ida ted .
T en ta t ive ly ,  we conc lude  tha t  at least a po r t ion  of 
the  C a ~ A T P  and  M g ~ A T P  hydroly t ic  activity is 
ca lm odu l in  d e p e n d e n t .  This  ca lmodul in-sens i t ive  
c o m p o n e n t  p re fe ren t ia l ly  hydro lyzes  M g ~ A T P .  
H o w e v e r ,  the  ca lm o du l in -an tag o n is t s  a t t e n u a te  
C a 2+-ac t iva ted  A T P a s e  activity only to a small 
ex ten t .  T h e  la t te r  conc lus ion  indica tes  tha t  a m a jo r  
pa r t  o f  the  p re su m p t iv e  C a 2+- A T P a s e  activity 
c a n n o t  be involved in active C a 2+- t ran sp o r t .
In fu r th e r  s tud ies  on  C a 2~-st imulated p h o s p h a ­
tases  in eel gill p la sm a  m e m b r a n e s  we w ere  able to 
d isc r im ina te  b e tw e e n  non-specif ic ,  C a 2^ -s t imulated  
p h o s p h a ta s e s  and  high-affinity C a 2" -A T P ase  activity 
tha t  m ay  re p re se n t  the  ca lc ium p u m p  (da ta  to be 
published separately).  In fresh water  ad a p te d  eels, 
bo th  activities are corre la ted  negatively with the 
e n v i ro n m e n ta l  C a 2~-concen tra t ion .  A l th o u g h  the 
non-specific  C a 2+-s t im u la ted  p h o s p h a ta s e  activity 
does  no t  fulfil the  r e q u i r e m e n t s  o f  a C a 2' - t r a n s p o r t  
A T P a s e ,  so m e  re la t ion  of  this activity with C a 2'-  
t r a n s p o r t  p h e n o m e n a  seem s  to exist. T h u s ,  m o re  
than  o n e  en zy m e  activity loca ted  in the  p lasm a 
m e m b r a n e  may be involved in gill t ransep i the l ia l  
C a 2+- t ran sp o r t .
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